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INTRODUCTION
Bacterialmembrane-associated proteases have important func-tions in the processing, quality control, and regulated turn-
over of proteins that are transported to the plasma membrane or
to extracytoplasmic compartments such as the periplasm. In the
general protein secretion pathway of bacteria, themembrane pro-
teases signal peptidase (SP) and signal peptide hydrolase play crit-
ical roles. Signal peptidases function to remove the N-terminal
targeting peptides from secretory preproteins. These proteases
cleave juxtamembrane peptide bonds of the substrate during or
shortly after their translocation across the membrane. Signal pep-
tides are typically further degraded by signal peptide hydrolases to
release them from the membrane or to generate cleaved products
that serve in signaling to the cell (113). Quality control and regu-
lated turnover of membrane proteins are necessary not only for
the removal of malfolded or damaged proteins in the membrane
but also to respond appropriately to stressful environmental con-
ditions. This ensures the fidelity of processes in themembrane that
are critical for bacterial growth, division, and survival. For exam-
ple, in response to an external stress such as heat, the sigma E
pathway of the Gram-negative bacterium Escherichia coli is
switched on. This leads to the synthesis of chaperones and pro-
teases for repair or destruction of damaged proteins. To activate
this pathway, the periplasmic site 1 protease DegS cleaves RseA, a
transmembrane protein that normally sequesters sigma E. RseA is
then cleaved further by the site 2 membrane protease (S2P) RseP,
which liberates the cytoplasmic domain of RseAbound to sigmaE.
It is further degraded by cytoplasmic ATP-dependent proteases,
which results in the release of sigma E into the cytoplasm and in
sigma E-dependent gene expression (5, 69). RseP and certain sig-
nal peptide hydrolases are highly intriguing enzymes because they
catalyze hydrolytic reactions within the membrane plane. More-
over, in the Gram-positive bacterium Bacillus subtilis, the S2P
RasP (YluC) plays an important role in the regulation of cell divi-
sion (19, 199). RasP is responsible for the rapid turnover of FtsL, a
small bitopic membrane protein, which is an essential part of the
cell division machinery. Finally, the membrane protease FtsH
plays a key quality control role in degrading misassembled and
damaged membrane proteins in bacteria (65). FtsH, which is an
essential protein, degrades its substrates in an ATP-dependent
manner.
This review focuses on signal peptidases that cleave secretory
preproteins, signal peptide hydrolases that degrade signal pep-
tides, site 1 and site 2 proteases that are involved in the regulated
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turnover of membrane proteins, and the quality control protease
FtsH, involved in the degradation of malfolded membrane pro-
teins. These proteases highlight the problem of cleavage of sub-
strates in juxtamembrane regions proximal to the membrane sur-
face or within the membrane plane, as well as the degradation of
membrane proteins following extraction of the substrate from the
membrane.
GENERAL CONSIDERATIONS
Before we discuss the different membrane proteases involved in
the protein secretion and quality control pathways, it is instructive
to focus attention on two major differences in the known pro-
teases that cleave membrane-associated substrates. One group of
membrane proteases is represented by extramembrane enzymes
that have active sites outside themembrane and cleave theirmem-
brane-associated substrates at the aqueous membrane boundary.
A key question here is what allows them to cleave right at the
membrane boundary with exquisite accuracy and not at other
sites far removed from the membrane surface, which might have
disastrous consequences for the cell. Other extramembrane pro-
teases cleave their substrates only after these have been released or
extracted from the membrane. Some of the latter membrane pro-
teases use ATP hydrolysis to dislocate membrane protein sub-
strates from the lipid bilayer. The second group of membrane
proteases is represented by intramembrane proteases that have
membrane-embedded active sites. A fascinating question con-
cerning these intramembrane-cleaving proteases is where the hy-
drolytic water comes from in a non-water-accessible hydrophobic
environment. Another challenge is to find out how the transmem-
brane region of a substrate that is cleaved by the protease enters
the substrate binding region of the protease from the lipid phase of
the membrane to gain access to the active site region of the pro-
tease. These and many other relevant questions related to the
function of membrane proteases are addressed in this review, us-
ing the available structural information on these enzymes for
guidance.
SIGNAL PEPTIDASES CLEAVE AT THE MEMBRANE SURFACE
There are several types of SPs in the bacterial cell (Fig. 1) (113). SPs
cleave the signal peptides of exported proteins after they have
served their purpose in targeting these proteins to the machinery
for protein translocation across the membrane. In bacteria, SPI is
the general signal peptidase that cleaves the majority of prepro-
teins. The bacterial SPI is homologous to the catalytic subunit(s)
of the signal peptidase complex (SPC) in the endoplasmic reticu-
lum (ER) of eukaryotes, which is responsible for processing of
preproteins that are translocated into the ER lumen (150, 168).
SPII (lipoprotein signal peptidase) is responsible for cleaving li-
poprotein precursor proteins. The prepilin signal peptidase
(SPIV) is responsible for processing signal peptides of type IV
pilins, as well as a variety of pseudopilins involved in the secretion
of proteins across the outermembranes ofGram-negative bacteria
(type II secretion) or in DNA uptake by Gram-positive bacteria
(140).
Signal Peptidase I
SPI serves a crucial role in the liberation of translocated secretory
precursor proteins from the cytoplasmic membrane through the
removal of the signal peptide (171). This cleavage is essential for
protein release into the periplasmic space, transport of proteins to
the outer membrane in Gram-negative bacteria, and secretion of
proteins into the extracellular medium. Notably, SPI-catalyzed
membrane release of translocated proteins applies not only to
proteins transported by the general protein secretion (Sec) path-
way but also to those transported by the twin-arginine transloca-
tion (Tat) pathway, which facilitates the export of fully folded
proteins (67, 96). Additionally, SPI has been shown to cleave in-
FIG 1 Signal peptide cleavage of precursor proteins by signal peptidases. Sig-
nal peptidase I (SPI) employs a Ser-Lys catalytic dyad for signal peptide cleav-
age from secretory precursor proteins at the extracytoplasmic surface of the
membrane. The Protein Data Bank (PDB) structure of the catalytic domain
(accession number 1T7D) and the program JMol were used to generate the
three-dimensional (3D) structure image of SPI. Signal peptidase II (SPII) is an
aspartic acid protease that cleaves signal peptides from bacterial lipoprotein
precursors just beneath the extracytoplasmic membrane surface. The lipopro-
tein precursor protein is diacylglyceridemodified prior to SPII cleavage. Signal
peptidase IV (SPIV) is an aspartic protease that cleaves signal peptides from
prepilins and pseudopilins at the cytoplasmic surface of bacterial membranes.
The eukaryotic ER signal peptidase complex (SPC) is composed of five sub-
units, of which SPC18 and SPC21 are catalytic. Transmembrane helices of
signal peptidases are depicted as blue barrels, and substrate helices are depicted
as red barrels. A zoomed-in view of the active site residues of SPI is shown. The
locations of the N and C termini of the signal peptidases and their substrates
are indicated.
Dalbey et al.
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ternal signal peptides in a fewpolytopicmembrane proteins (8, 12,
70, 118, 147). E. coli SPI is the best-studied signal peptidase in this
family. It spans the cytoplasmic membrane twice, with a large
C-terminal domain containing the active site protruding into the
periplasmic space (132). The SPI family of proteases is unusual in
that it is not inhibited by standard serine protease inhibitors, most
likely because they do not bind with high enough affinity (200).
However, these enzymes are inhibited by -lactams (16, 49), lipo-
peptides (97, 112, 126), and lipoglycopeptides (83). SPI is an un-
conventional serine protease containing an active site Ser-Lys
dyad configuration instead of the canonical Ser-His-Asp triad ar-
chitecture (36). SPI of E. coli requires serine 90 and lysine 145 for
activity (15, 114, 142, 160). Why a Ser-Lys dyad is used is not
entirely clear. Itmight be just by chance, or the alternate active site
configurationmay allow for activity in a different cellular environ-
ment, as the pH optimum is typically higher for Ser-Lys proteases
than for Ser-His-Asp proteases. However, it should be noted that
the extracytoplasmic side of the bacterial cytoplasmic membrane
has a relatively low pH (6) due to the transmembrane proton
gradient. At such low pH values, SPI enzymes are barely active,
which suggests that they might be pH regulated. This would min-
imize the potentially deleterious proteolysis of membrane pro-
teins by SPI until this enzyme is somehow activated for preprotein
cleavage. Alternatively, the pKa of the active site lysine residue of
SPI could be lowered by hydrophobic interactions with mem-
brane constituents such as phospholipids (171).
A significant breakthrough in the signal peptidase field was the
1.9-Å X-ray crystal structure determination of the periplasmic
domain (2-75) (111) (Fig. 1). The 2-75 domain is catalytically
active (159) and cleaves substrates at the normal cleavage site,
despite lacking its two transmembrane anchors and cytoplasmic
domain (22). The structure of the2-75 domain revealed that this
protease not only employs a Ser-Lys dyad catalyticmechanismbut
also contains an exposed hydrophobic surface for membrane as-
sociation (111). In the structure, serine 90 (the nucleophile) is
covalently attached to the cleaved 5S penem inhibitor and within
H-bonding distance of lysine 145 (the general base).
In contrast to Gram-negative bacteria, many Gram-positive
bacteria contain multiple SPI enzymes. This became evident from
studies on the SPI enzymes of B. subtilis, a soil bacterium that is
widely used for the biotechnological production of secreted en-
zymes (198). The biological function of the SPI enzymes in B.
subtilis is that they cleave secretory preproteins for release of the
mature product from the membrane. This release is needed to
target proteins to the thick Gram-positive bacterial cell wall and
the extracellular milieu. However, the SPI enzymes of B. subtilis
also seem to prevent jamming of the Secmachinery with secretory
preproteins (150). The SPI SipS of B. subtilis 168 was the first
characterized signal peptidase from a Gram-positive bacterium
(168). Subsequently, it was found that B. subtilis contains four
other chromosomally encoded type I signal peptidases, denoted
SipT, SipU, SipV, and SipW (150, 151). In addition, some strains
of B. subtilis were shown to contain endogenous plasmids
(pTA1015 or pTA1040) specifying an SPI denoted SipP (105,
153). Multiple related SPI enzymes were subsequently identified
in a range of Gram-positive bacteria, including major pathogens
such as Bacillus anthracis and Staphylococcus aureus as well as bio-
technologically relevant bacteria such as streptomycetes (171).
Importantly, the amino acid sequence of SipS allowed the identi-
fication of conserved domains in SPI enzymes from bacteria, ar-
chaea, the mitochondrial inner membrane, the chloroplast thyla-
koidalmembrane, and the endoplasmic reticularmembrane (150,
168). These conserved domains focused attention on the critical
roles of the conserved Ser and Lys residues in the prokaryotic and
organellar SPI enzymes that were subsequently shown to be re-
sponsible for catalysis (111, 169).
Mitochondria and chloroplasts, which probably evolved from
bacterial endosymbionts, contain related SPI enzymes in the inner
membrane and the thylakoidal membrane, respectively. The mi-
tochondrial Imp1 and Imp2 enzymes remove signal peptides from
proteins that are targeted to the inner membrane, and the chloro-
plast’s TPP removes signal peptides from proteins that are trans-
ported into the thylakoid luminal space. Like the homologous SPI
enzymes of bacteria, Imp1, Imp2, and TPP contain active site Ser-
Lys residues that carry out the catalytic reaction (23, 26). The
eukaryotic SPC is responsible for the removal of signal peptides
from proteins that are translocated into the ER. In contrast to the
case for prokaryotic and organellar SPI enzymes, the catalytic sub-
units of the ER SPC seem to employ conserved Ser, His, and Asp
residues for catalysis (Fig. 1) (150, 152, 168, 175). It is unclear why
the ER SPC catalytic subunits use the standard Ser-His-Asp active
site residues instead of the Ser-Lys dyad configuration.
All SPI substrates contain a signal peptide that has three con-
served domains: the positively charged N region, the central hy-
drophobic H region, and the C region, which contains the sub-
strate specificity determinants for signal peptidase cleavage (Fig.
2). In B. subtilis, secretory signal peptides have been analyzed at
the proteome level, and the lengths of the signal peptide domains
have been determined for 58 proteins (148). Cleavage is predicted
to be at or near the extracytoplasmic membrane surface, because
the length of the H regions of secretory signal peptides, up to the
Ala-X-Ala signal peptidase recognition motif (positions 3 to
1), is typically 19 amino acids. If one assumes3.6 amino acid
residues per turn of the helix, a rise of1.5 Å per residue along the
helix axis, and a membrane thickness of30 Å, then the cleavage
site at the end of the C region will be presented at the membrane
surface. The signal peptides of Gram-negative bacteria, and also
those of eukaryotes, are substantially shorter than those of B. sub-
tilis and other Gram-positive bacteria (13). This implies that the
smallest functional signal peptides, with total lengths of15 res-
idues from theN to the C region, will not completely span amem-
brane of 30Å. In this case, the end of theC regionwill be presented
to the SPI below the extracytoplasmic membrane surface.
How does SPI cleave substrates at or below the membrane sur-
face? A clue came from the X-ray structure of the inhibitor-SPI
catalytic domain complex, which revealed the substrate binding
groove (112). Structural analyses showed that SPI forms main
chain hydrogen bond interactions with residues1 to7 of the
signal peptide C region. This implies that for SPI binding, the
signal peptide has to undergo a conformational change within
the membrane and switch from an -helical conformation to an
extended structure. One hypothesis is that this conformational
change is triggered by the binding of SPI to this region. In this
model, SPI most likely interacts reversibly with the membrane via
its hydrophobic surface-exposed membrane association domain.
The catalytic domain could thus swing in and out of the mem-
brane. Upon penetrating the lipid phase of the membrane, the
catalytic domain would gain access to the signal peptide region up
to the residue at position 7 (Fig. 1). Importantly, this mecha-
nism explains the cleavage of short signal peptides that cannot
Bacterial Membrane Proteases
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completely span themembrane. Indeed, the2-75 derivative of E.
coli SPI has been shown to bind to lipid vesicles and to interact
with phospholipid monolayers (170). Moreover, detergents or
phospholipids are also required for optimal activity of the 2-75
domain (159). Alternatively, the signal peptide region at positions
1 to 7 may have a tendency to undergo the conformational
change spontaneously, before SPI can bind. This would move the
signal peptide region at positions 1 to 7 toward the aqueous
extracytoplasmic environment, where it would be recognized and
cleaved by SPI.
The Ala-X-Ala substrate specificity of SPI is determined by the
S1 and S3 pockets (111, 112). The E. coli S1 pocket residuesMet91,
Ile144, Leu95, and Ile86 make direct van der Waals contact with
the P1 residue. Residues forming the S3 pocket are Phe84, Ile144,
Val132, and Ile86. These S1 and S3 pocket residues coming into
contact with the P1 and P3 substrate residues are highly conserved
in the SPI family. Interestingly, Ile144 plays a profound role in
cleavage fidelity, as mutation of Ile144 to Cys results in “sloppy
cleavage” at multiple sites in a preprotein substrate (71). One pos-
sible explanation for the lack of fidelity is that the cysteine muta-
tion in the binding site results in sliding of the substrate within the
active site such that alternative peptide bonds can be hydrolyzed.
Moreover, Ile144 and Ile86 control substrate specificity, because
mutation of these residues results in substrate cleavage even with
an arginine at the3 position (35).
The SPI enzymes of Gram-positive bacteria such as B. subtilis
aremuch smaller than SPI of E. coli.Nevertheless, they contain the
4 conserved regions, denoted boxes B, C, D, and E, which are
found within all SPI enzymes. Mutagenesis studies showed that
these enzymes also employ a Ser-Lys catalytic dyad (169). As dem-
onstrated for the SPI SipS of B. subtilis, the Ser43 and Lys83 resi-
dues form the catalytic dyad. The Leu74 and Tyr81 residues of
SipS contribute to catalysis, most likely by lowering the pKa of the
active site Lys83 residue to such an extent that it can function as a
general base (17, 169). Furthermore, Asp146 and Asp153 are also
important for the activity of SipS, but these residues appear to be
critical conformational determinants. Notably, domain swapping
studies on the SPI enzymes of B. subtilis have shown that the N-
terminal regions, which comprise the unique transmembrane an-
chors of these enzymes, are important determinants of their sub-
strate specificity (173). However, these specificity-determining
N-terminal regions of theBacillus SPI enzymes include neither the
S1 and S3 pockets nor the active sites (172). These findings there-
fore suggest that the main role of the N-terminal regions with
respect to substrate specificity is to correctly position the active
site for substrate binding at or below the membrane surface. This
is in line with amodel that suggests thatmembrane penetration of
the active site of SPI is necessary to bind particular signal peptides,
especially those that are too short to fully span themembrane. The
membrane penetration may vary somewhat between the multiple
SPI enzymes (i.e., SipS, SipT, SipU, SipV, and SipW) in B. subtilis,
which might explain why the different SPI proteases cannot fully
substitute for one another. Some of these enzymes have different
substrate preferences despite recognizing the sameAla-X-Alamo-
tif within signal peptide substrates.
While the Ser-Lys catalytic dyad is conserved in the vast major-
ity of SPI enzymes from prokaryotes, several bacterial species be-
longing to the Actinobacteria (e.g., Arthrobacter, Rhodococcus, and
Xylanimonas), Firmicutes (Bacillus, Clostridium, Desulfitobacte-
rium, Eubacterium, and Ruminococcus), and Mollicutes (Sphaero-
bacter) possess SPI enzymes that more closely resemble the cata-
lytic subunits of the ER SPC and archaeal SPI enzymes. SipWof B.
subtilis was the first identified representative of these atypical SPI
enzymes in bacteria (150). Site-directed mutagenesis of residues
of SipW that are conserved in all known SPI enzymes showed that
Ser47, His87, and Asp106 are indispensable for activity. Thus,
SipW and other closely related SPI enzymes most likely employ a
conventional Ser-His-Asp catalytic triad or a Ser-His catalytic
dyad similar to that of the ER SPC (152, 175). Very recently, it was
reported that the 20 C-terminal residues of SipW, which localize
FIG 2 Signal peptide substrates of different classes of signal peptidases. Schematic representations are shown for bacterial (Sec-type) signal peptides cleaved by
SPI, twin-arginine (Tat) signal peptides cleaved by SPI, lipoprotein signal peptides cleaved by SPII, bacterial prepilin signal peptides cleaved by SPIV, and archaeal
preflagellin signal peptides cleaved by the SPIV homologue FlaK. The N, H, C, and basic regions of the respective signal peptides, mature protein parts, and
conserved SP recognition sites are indicated. The SP cleavage site is marked with a black arrowhead. N, N terminus; C, C terminus.
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in the cytoplasm, serve a potentially nonenzymatic function in the
regulation of biofilm formation on solid surfaces (145). Site-di-
rected mutagenesis data show that the signal peptidase activity of
SipW is dispensable for the formation of this type of biofilms.
Conversely, a SipW mutant protein that lacks the 20 C-terminal
residues is still active as a signal peptidase but does not facilitate
biofilm formation on solid surfaces. Thus, SipW seems to be a
bifunctional enzyme. How the second activity of SipW works
needs to be investigated further. In any case, the available data
suggest that the C terminus of SipW is needed to activate the eps
genes for the formation of a biofilm matrix when cells are on a
solid surface. Most likely, this involves direct or indirect interac-
tions with the SinR protein, which is a repressor of the eps genes
and the tapA-sipW-tasA genes. Thus, it seems that SipW is a bi-
functional SPI. Judged by the conservation of the C terminus, it
seems that SipW proteins of other bacilli may have similar func-
tions (166), but this remains to be demonstrated.
Signal Peptidase II
SPII plays a crucial role in the subcellular localization and export
of lipid-modified bacterial proteins. These proteins are lipidmod-
ified by the diacylglyceryl transferase Lgt prior to processing by
SPII. InGram-negative bacteria, the resultingmature lipoproteins
are retained in either the cytoplasmic membrane or the outer
membrane via their diacylglyceryl moiety. Alternatively, they are
secreted into the growth medium, where they form micelle-like
structures (120, 155). In Gram-positive bacteria, the mature lipo-
proteins are retained predominantly in the cytoplasmic mem-
brane via their diacylglyceryl moiety, but they can also be released
into the growth medium upon alternative processing by as yet
unidentified proteases (8, 154). Like the secreted proteins that are
processed by SPI, lipid-modified precursor proteins can be deliv-
ered to SPII via either the Sec pathway or the Tat pathway for
protein export (146, 155, 188). However, to date, Tat-dependent
export of lipoproteins has been shown only in streptomycetes,
whereas this does not seem to occur in other bacteria, such as E.
coli andB. subtilis (66, 146).Why streptomycetes export a substan-
tial number of lipoproteins (presumably in a folded state) by the
Tat pathway is not known, but it may relate to the ecological niche
in the soil that is occupied by these organisms. If so, this niche
would impose strong selective pressure for folding of secretory
proteins in the cytoplasm and their subsequent Tat-dependent
export, as seems to be evidenced by the large numbers of Tat-
dependently exported proteins encountered in streptomycetes.
Notably, the SPII recognition site in the C region of lipoprotein
signal peptides overlaps with the recognition site for the diacylg-
lyceryl transferase Lgt. This region is generally known as the “li-
pobox.” The lipobox in lipoprotein signal peptides from E. coli
and B. subtilis has the consensus sequence L-A/S-A/G-C (154)
(Fig. 2). The invariable cysteine residue of the lipobox is the target
for lipid modification and the first residue of the mature lipopro-
tein after cleavage by SPII (155). Based on proteomic analyses, the
lipobox of lipoproteins from B. subtilis has been defined more
precisely as having the sequence L/I/T/A/G/M/V-A/S/G/T/I/M/V/
F-A/G-C-S/G/E/N/T/A/Q/R at positions 3 to 2 around the
SPII cleavage site (154).
The bacterial SPII enzyme employs a variation of the SPI cleav-
age mechanism for catalysis. SPII is an aspartic acid protease with
its catalytic residues positioned at the extracytoplasmic mem-
brane surface (156). InB. subtilis SPII, both active site Asp residues
102 and 129 are positioned at the ends of transmembrane seg-
ments (Fig. 1). In contrast to the case for SPI, where the protease
interacts reversibly with the membrane, the catalytic residues of
SPII appear to be fixed just beneath the membrane surface for
signal peptide cleavage from lipoprotein precursors (156). There-
fore, the signal peptide cleavage site of these precursors needs to be
more exposed to the lipid phase of the membrane, which is prob-
ably facilitated by the relatively short H region of lipoprotein sig-
nal peptides. The H region has an average length of 12 residues in
B. subtilis (7 amino acids shorter than the H region of secretory
signal peptides) (149), and it has an average length of 10 residues
in E. coli (155). Additionally, the diacylglyceryl modification of
lipoprotein precursors may serve to correctly present their cleav-
age site to SPII (32). To allow SPII to bind and cleave its preprotein
substrate, the signal peptide -helix would have to be disrupted,
like the case in SPI-mediated catalysis. Indeed, many lipoprotein
signal peptides have helix-breaking residues within the region of
positions 4 to 6 that may facilitate substrate recognition and
binding of the substrate specificity residues located in the lipobox
(37, 177). Further detailed mechanistic insights into substrate
binding and cleavage by SPII enzymes await the elucidation of an
SPII structure.
Signal Peptidase IV and Preﬂagellin Signal Peptidase
The precursors of type IV pilins and related pseudopilins are spe-
cifically processed by prepilin signal peptidases (SPIV) (31, 141).
Unlike SPI or SPII signal peptides, the consensus SPIV recogni-
tion sequence, Gly-Phe-Thr-Leu-Ile-Glu, where cleavage occurs
between the Gly and Phe residues, is located between the N andH
regions (Fig. 2) (95). In addition to signal peptide cleavage, SPIV is
also responsible for N-methylation of the phenylalanine at posi-
tion1 relative to the cleavage site (116). Pseudopilin signal pep-
tides show clear structural similarities to other types of bacterial
signal peptides, and the pseudopilin precursors are most likely
targeted to themembrane by signal recognition particle (SRP) and
inserted by Sec pathways (9, 43). The subsequent assembly of the
pseudopilins into a type IV pilus is facilitated by a dedicated pilin
assembly pathway. Interestingly, recent studies by Saller et al. have
implicated the YidC homologue YqjG of B. subtilis in the biogenesis
of type IVpili required forDNAuptake (131), as yqjG is critical in the
development of genetic competence. This suggests that YidC, a well-
conserved membrane protein insertase and assembly catalyst, could
be involved in the membrane insertion and/or assembly of type IV
pilus subunits.
The SPIV enzymes are aspartic acid proteases, like SPII (84),
belonging to the GXGD type of intramembrane-cleaving pro-
teases. Consistent with this view, they are sensitive to the specific
aspartic acid protease inhibitor combination 1-ethyl-3-(3-dim-
ethylaminopropyl) carbodiimide hydrochloride plus glycinamide
(84). The SPIV enzymes span themembrane eight times (140) and
have their active site Asp residues positioned close to the mem-
brane boundaries, within short cytoplasmic loops (Fig. 1). In con-
trast to other intramembrane-cleaving proteases of the GXGD
family, which cleave within the membrane, SPIV cleaves its sub-
strates within the cytoplasm, just proximal to the membrane sur-
face (140). This is consistent with the location of the SPIV recog-
nition motif between the N and H regions of the signal peptide
(Fig. 2) (149).
Recently, the crystal structure of the preflagellin signal pepti-
dase FlaK from the archaeon Methanococcus maripaludis was
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solved at 3.6-Å resolution (Fig. 3) (59). FlaK is a GXGD-type
membrane protease with six transmembrane segments. It is re-
lated to SPIV as well as to the intramembrane-cleaving proteases
presenilin and signal peptide peptidase (SPP) (see the following
sections). The structure revealed that FlaK is composed of a
mostly -helical membrane-embedded domain and a soluble cy-
toplasmic domain with four antiparallel -strands (Fig. 3). The
catalytic Asp residues of FlaK, like those of SPIV, are located near
the ends of transmembrane segments (i.e., transmembrane seg-
ments 1 and 4) that face the cytoplasmic side of the membrane.
The particular arrangement of transmembrane helices 1 and 4
with transmembrane helix 6 around the catalytic site is conserved
in FlaK and presenilin. Intriguingly, it seems that conformational
changes are needed to bring theGXGDmotif and the catalytic Asp
residue in the first membrane-spanning helix together for cataly-
sis. In the crystal structure, the catalytic Asp18 and Asp79 residues
lie 12 Å apart, which suggests that the structure represents an
inactive conformation of FlaK. Indeed, the results of cross-linking
studies support the view that FlaK can adopt an inactive confor-
mation in the absence of a substrate (59). It is presently not known
how the conformational switch to an active state is brought about
upon substrate binding. The nonactive conformation of FlaK in
the absence of substrate may be advantageous, because it would
ensure that proteolysis does not occur until it is needed for sub-
strate cleavage. This could help to avoid the potentially deleterious
cleavage of other proteins.
SIGNAL PEPTIDE HYDROLASES DEGRADE SIGNAL PEPTIDES
WITHIN OR OUTSIDE THE PLANE OF THE MEMBRANE
After cleavage by signal peptidase, signal peptides are typically
further degraded by signal peptide hydrolases, often also referred
to as signal peptide peptidases (SPPs). This degradation is impor-
tant, because signal peptidesmay be harmful to the cell, as they can
interfere with membrane integrity and block protein transloca-
tion via the Secmachinery (25, 46, 165). In some cases, the cleaved
fragments of signal peptides are released from the membrane and
function in signal transduction pathways, both in eukaryotes (87,
101) and in bacteria (6, 41). Notably, multiple enzymes, such as
the bacterial RseP and signal peptide peptidaseA (SPPA) enzymes,
appear to be involved in signal peptide degradation in species
ranging from bacteria to humans. This functional redundancy
makes it difficult to pinpoint one particular group of enzymes as
“the SPP” of a particular organism. Accordingly, only a limited
number of endogenous substrates have been identified for partic-
ular SPPs. Recently, in-depth proteomic studies by Ravipaty and
Reilly identified signal peptide fragments of 18 secreted S. aureus
proteins (122). Specifically, these were C-terminal signal peptide
portions that were generated through consecutive cleavage by SPI
at the signal peptidase cleavage site and by an unidentified pro-
tease within the H region. Presumably, one or more SPPs were
responsible for the observed cleavage of the H region. Interest-
ingly, the signal peptide fragments were identified in the growth
medium, indicating that they were released from the extracyto-
plasmic side of the membrane. To date, it is not known whether
the release of C-terminal signal peptide fragments into the extra-
cellular milieu is specific for S. aureus or whether this process also
occurs in other bacteria. Furthermore, the fates of the respective N-
terminal signal peptide fragments remain unknown. Notably, the
studiesbyRavipatyandReilly also showedthat, incertaincases, signal
peptidehydrolysiswithinor at themembraneofS. aureusmaynot be
fully effective, as five full-length signal peptideswere also identified in
the growth medium (122). These excreted signal peptides belonged
to the secreted proteins Sle1, SACOL0723, SceD, IsaA, and
SACOL2295. It is presently not clear why these five signal peptides
were not further degraded or whether they might serve signaling
functions after their excretion.
SPPA
For bacteria, relatively little is known about what happens to the
signal peptide after it is cleaved from a preprotein. Almost 30 years
ago, it was shown that SPPA (also known as protease IV) can
cleave the Braun’s major lipoprotein signal peptide in E. coli (61).
FIG 3 Structure of the preflagellin signal peptidase FlaK ofMethanococcus maripaludis. The structure on the left shows a side view of FlaK, and the structure on
the right represents a view from the cytoplasmic side, with the cytoplasmic domain removed. Each of the six helices is colored differently. The two catalytic Asp
residues are shown as ball-and-stickmodels, in black. The crystal structure data were obtained using PDB accession number 3S0X, and JMol was used to generate
the 3D structure images.
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Like SPI, SPPA is a Ser-Lys dyad protease (76, 180) that spans the
membrane once, with a large C-terminal domain localized to the
periplasmic space (180). However, it is different from SPI in that
SPPA is inhibited by common serine protease inhibitors (63). This
suggests that these inhibitors bind with higher affinities to SPPA
than to SPI.
In contrast to the eukaryotic SPP, SPPA does not cleave the
signal peptide within the membrane plane (Fig. 4) (76, 180). The
2.8-Å crystal structure of the periplasmic domain of SppA (2-46)
revealed that the active site serine and lysine residues are posi-
tioned approximately 80 Å from themembrane surface (76), con-
clusively showing that SPPA can cleave only signal peptides that
are either released or extracted from themembrane. The structure
of the periplasmic domain of SPPA showed that it forms a tetra-
meric bowl-like structure, with a large opening at the base facing
themembrane and a smaller opening at the top, with diameters of
96 Å and 22 Å, respectively. The bowl opening at the membrane
surface is positioned such that it can capture the signal peptide
after it is released from the membrane. Once the signal peptide is
captured, it makes its way to the active site, where cleavage takes
place. Notably, SPPA belongs to the same clan of proteases as the
Ser-His-Asp ClpP protease (123). Although the protein folds of
SPPA and ClpP are similar, the oligomeric nature of these pro-
teases is different, as ClpP forms a two-stacked 7-fold assembly
oriented in a back-to-back fashion, with axial openings at the ends
(179). Furthermore, while SPPA is an ATP-independent protease,
ClpP associates with anATPase subunit (either ClpA or ClpX in E.
coli) and uses ATP hydrolysis to unfold and translocate proteins
into the proteolytic chamber for degradation.
RseP
Recently, it was shown that the S2P protease RseP (originally an-
notated as YaeL [2, 128]) is involved in cleavage of signal peptides
(128). RseP is a homologue of human S2P, a protease involved in
proteolytic activation of the sterol regulatory element-binding
protein (SREBP). S2Ps are the “founding members” of proteases
that carry out regulatory intramembrane proteolysis (RIP) (20,
129). RIP is conserved from bacteria to humans and regulates
many signal transduction pathways (21). Proteases in these path-
ways cleave amembrane-spanning regulatory protein and employ
active site residues positioned within the transmembrane seg-
ments of the proteins.
RseP is a metalloprotease with its active site membrane embed-
ded in a partially exposed aqueousmilieu (78) (Fig. 4). RseP spans
the membrane four times, with an Nout-Cout topology, and con-
tains an HEXXH zinc-binding motif near the C-terminal end of
the first transmembrane segment (68). The essential glutamic acid
residuewithin theHEXXHmotif functions either as a general base
to activate a watermolecule (68) or as a proton shuttle, as found in
the enzyme deformylase (see reference 121). Furthermore, RseP
has two periplasmic PDZ domains, one of which has a critical role
in binding the newly exposed C terminus of its substrate (e.g.,
RseA) upon site 1 cleavage by proteases such as DegS (34, 64, 91).
Judging by recent observations reported by Saito et al., it seems
likely that RseP is a general signal peptide hydrolase in prokaryotes
such as E. coli and B. subtilis (128). In addition, RseP also cleaves
other substrates, such as RseA. In its role as a signal peptide hy-
drolase, RseP cleaves the signal peptide after the preprotein is first
FIG 4 Cleavage of signal peptides by signal peptide hydrolases. The eukaryotic signal peptide hydrolase/peptidase SPP is an aspartic acid protease with catalytic
Asp residues located within the plane of the membrane. The RseP protease, which seems to function as a general bacterial signal peptide hydrolase, is a
metalloprotease with an intramembrane catalytic site facing the cytoplasmic side of the membrane. The HEXXH motif that binds the catalytic Zn2 ion is
indicated. The bacterial signal peptide peptidase SPPA is a homotetramerwith catalytic Ser-Lys dyads in domains that are juxtapositioned to the extracytoplasmic
membrane surface. Transmembrane helices of SPP and RseP are depicted as blue barrels, and the substrate helix is depicted as a red barrel. Furthermore, the four
subunits of the SPPA complex are depicted in blue, green, red, and yellow. A zoomed-in view of the active site residues of SPPA is shown. The PDB structure 3BF0
and the program JMol were used to generate the 3D structure image of SPPA. The proposed position of the SPPA N-terminal transmembrane segment for each
monomer (which was missing from the construct used to the solve the structure) is shown schematically. The locations of the N and C termini of the signal
peptide hydrolases and their substrates are indicated.
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processed by SPI or SPII. RseP was furthermore shown to cleave a
-lactamase signal peptide fused to themaltose binding protein in
E. coli (2) and also the signal peptides of several prelipoproteins in
Enterococcus faecalis and S. aureus, to generate sex pheromones (6,
41). An SPP function of the S2PRasPwould be consistent with the
secretion defects described for a rasPmutant of B. subtilis (54), as
signal peptides have a known inhibitory effect on preprotein
translocation across the membrane (25, 46, 165). Processing of
substrates by the prokaryotic S2P RseP and eukaryotic S2Ps is
facilitated by helix destabilization at the site of cleavage (2, 195). In
addition, RseP requires a C-terminal hydrophobic amino acid in
its substrate to allow cleavage (91). This explains why RseP, like all
S2P proteases, can cleave substrates only after they have been
cleaved by a separate site 1 protease (5, 69). Once the substrate’s C
terminus has been liberated, the N-terminal PDZ domain of RseP
binds to the C-terminal 3 to 5 residues of the substrate. This then
activates the protease, allowing it to cleave the substrate (64). It
thus seems that SPI and SPII enzymes fulfill the role of site 1
proteases in delivering cleaved signal peptides as substrates to the
S2P protease RseP.
Recently, the structure of the S2P from the archaeonMethano-
caldococcus jannaschii was solved at 3.3-Å resolution (40). The
archaeal S2P is a metalloprotease with six membrane-spanning
helices and an active site within the membrane plane. The active
site Zn2 (Fig. 5), shown in red in the left structure, and Glu55,
which activates the nucleophilic water molecule of the M. jann-
aschii S2P, are localized within the membrane, 14 Å from the
cytoplasmic membrane surface. There is also an aqueous channel
within the protease, in the plane of the membrane, that is contin-
uous with the cytoplasmic region (Fig. 5). Presently, it is not un-
derstood how a substrate accesses the active site region of the M.
jannaschii S2P from the lipid bilayer, although it has been hypoth-
esized that this protease contains a lateral gate, comprised of trans-
membrane helix 1 and transmembrane helices 5 and 6, that can
open and close (40) (Fig. 5). This idea was based on the structure
of the protease, as two conformations of the protease—the open
and closed forms—were found in the crystal (40). The caveats
with this hypothesis are that one-third of the protein was deleted
and the resulting fragment was crystallized in detergent, not in
membrane lipid. It also remains to be determined how substrates
access the E. coli S2P RseP, since it spans the membrane only four
times and lacks the region that was proposed to be involved in
substrate gating in theM. jannaschii S2P.
SPP
The biochemically best-characterized SPPs are those of eukaryotes
which function in signaling and protein trafficking, as the cleaved
signal peptide fragments have downstream functions in these
pathways (98). These SPPs aremembers of a family of aspartic acid
proteases that can cleave substrates within the membrane plane
(183). They contain two invariant Asp residues that are essential
for catalysis (183) and can be inhibited by standard inhibitors
against the aspartic acid protease presenilin/-secretase (184). Eu-
karyotic SPPs have nine predicted transmembrane segments, with
their N termini located in the ER lumen and their C termini lo-
cated in the cytoplasm (Fig. 4) (183). The catalytic Asp residues
are located within membrane-spanning regions 6 and 7 (Fig. 4)
(185). The human SPP was first identified and purified in 2002
(183). Members of the SPP family are found in a wide variety of
organisms, including Saccharomyces cerevisiae, Caenorhabditis el-
egans, Drosophila melanogaster, Arabidopsis thaliana,Mus muscu-
lus, and Homo sapiens. Importantly, the SPPs are similar to the
presenilin family of proteases implicated in Alzheimer’s disease,
which also catalyze intramembrane proteolysis (117, 183). Both
protease groups belong to the aforementionedGXGD-type aspar-
tyl protease family and have nine transmembrane segments (see
reference 42).
In addition to cleaving amino-terminal signal peptides, SPP
processes the hepatitis C virus (HCV) polyprotein during viral
infection by cleaving an internal segment of the viral polypeptide
(104). For processing of this internal signal peptide by SPP, prior
cleavage of the preprotein by the SPC must occur (88). A helix-
breaking residue in the substrate’s transmembrane region and
flanking sequences can be important for cleavage (88). Interest-
ingly, recent studies by Schrul et al. addressed SPP interactions
with signal peptides and othermembrane proteins by coimmuno-
precipitation (134). This revealed that SPP can interact specifically
with a range of signal peptides and newly synthesized preproteins
as well as with membrane proteins. Preproteins and misfolded
membrane proteins were also shown to interact with SPP without
being degraded. Taken together, these results indicate that SPP
not only hydrolyzes certain signal peptides but also collects pre-
proteins and misfolded membrane proteins destined for disposal
in large oligomericmembrane protein aggregates. Such aggregates
may ultimately be degraded in the cytoplasm, by the proteasome,
for example.
FIG 5 Structure of Methanocaldococcus jannaschii S2P. (Left) The top view of S2P (PDB accession number 3B4R) shows the presumed lateral gate formed by
transmembrane helix 1 (TM1) on one side and TM5 and TM6 on the other side. S2P with an opened lateral gate is shown in blue, and S2P with a closed lateral
gate is shown in green. The catalytic Zn2 ion is depicted as a red ball. (Based on reference 40.) (Right) Side views of themolecular surface of S2P in the open and
closed states. To illustrate the relative distance, TM1 and TM6 are shown in red. The rest of the molecule is shown in purple.
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An unanswered key question is how SPP binds its substrates in
themembrane environment. The structure of SPPwith orwithout
bound substrate will be needed to determine how this is accom-
plished. Such structure-function studies will also elucidate where
the hydrolytic water molecule originates. Whether SPPs function
primarily in signal peptide hydrolysis or membrane protein qual-
ity control is unclear.
MEMBRANE PROTEASES THAT DEGRADE MISFOLDED AND
MISASSEMBLED PROTEIN SUBSTRATES
Proteins embedded in the bacterial cytoplasmicmembrane serve a
plethora of essential functions, not only in protein transport pro-
cesses but also in the uptake of ions and nutrients, the excretion of
waste products, and cell signaling. It is therefore of crucial impor-
tance that the cell is able to control the quality of essential mem-
brane proteins and to removemistranslated, damaged,misfolded,
or aggregated membrane proteins (1, 57).
The AAA Protease FtsH
FtsH (also called HflB) is a key protease involved in the quality
control of membrane protein folding in bacteria. It is a widely
conserved protein found in bacteria, mitochondria, and chloro-
plasts (65). Expression of FtsH is induced at high temperature,
indicating that it is a heat shock protein. FtsH is an essential pro-
tein for E. coli and functions to degrade misfolded membrane
protein substrates or damagedmembrane proteins, as well asmis-
assembled membrane protein subunits (65). For example, FtsH
degrades the SecY subunit of the SecYEG protein-conducting
channel when it is overexpressed in the absence of SecE (75), and
it also degrades SecY when the SecYEG channel is jammed by a
LacZ fusion protein (174). Similar results were obtained when
subunit a of the Fo sector of ATP synthasewas overexpressed in the
absence of subunits b and c, as this led to the degradation of sub-
unit a by FtsH (3).
FtsH is a zinc metalloprotease with two N-terminal transmem-
brane segments in the inner membrane followed by the widely
conservedAAA (ATPase associatedwith diverse cellular activities)
domain and a protease domain, both localized in the cytoplasm.
Unlike the proteases described so far, FtsH extracts its membrane
protein from themembrane and then degrades the protein. It uses
ATP hydrolysis by the AAAdomain to accomplish this dislocation
task. FtsH degrades the membrane protein substrate in a proces-
sive manner by using its ATPase activity to also unfold the sub-
strate, allowing it to enter the protease chamber for degradation.
Notably, degradation of the membrane protein polypeptide by
FtsH cannot occur if it contains a domain that is tightly folded,
because FtsH does not possess a strong unfolding activity (56).
This is consistent with the role of FtsH in the quality control of
membrane proteins, where it degrades loosely or improperly
folded proteins (74).
The activity of FtsH can be regulated by the prohibitin homo-
logues HflK and HflC (72). HflK and HflC are single-pass inner
membrane proteins that can form a complex with FtsH and
strongly inhibit FtsH activity for degradation of membrane pro-
tein substrates but not soluble substrates (72). HflKCmay inhibit
degradation of membrane substrates simply by blocking their en-
try into the proteolytic complex (73). In addition, it has been
proposed that prohibitinsmay function asmembrane chaperones
and stabilize proteins, based on studies in mitochondria (108).
Interestingly, FtsH, HflK, and HflC are copurified as a large com-
plexwithYidC andother proteins (164). YidC functions as a chap-
erone involved in the insertion and folding of membrane proteins
(29, 82). Accordingly, it was proposed that YidC and FtsH-HflKC
function early in the biosynthesis of nascent membrane proteins
and participate in a quality control process. In this process, YidC
facilitates the folding of newly inserted membrane proteins and
FtsH degrades membrane proteins if they are not properly inte-
grated and folded. Determining the precise roles of YidC and
FtsH-HflKC in the complex will require further investigation.
Recently, the structure of the cytoplasmic domain of FtsH, in-
cluding the AAA ATPase domain and the protease domain, was
solved (143) (Fig. 6A). The protease domain has a 6-fold symme-
try, whereas the six AAA domains—each with bound ADP—al-
ternate in an open and a closed form (Fig. 6A; note that only 3
subunits forming half of the holoenzyme are shown). The catalytic
metal ion (indicated in purple in the figure) in the protease do-
main is coordinated byHis422,His418, andGlu496. Interestingly,
when the AAAdomain is in the open form, there is a channel from
the exterior region via the adjacent closed AAA subunit that may
allow substrate polypeptides to enter the protease active site re-
gion. A model of how the ATPase cycle is used to allow FtsH to
perform processive degradation of protein substrates is presented
in Fig. 6A (structure on the right).
Similar to bacterial FtsH, the homologous AAA proteases in
mitochondria play vital quality control roles and are critical for
mitochondrial biogenesis (79). In fact, yeast mitochondria con-
tain two inner membrane AAA proteases: one with the protease
domain located in the matrix compartment (i.e., them-AAA pro-
tease) and the other with the protease domain in the intramem-
brane space (i.e., the i-AAA protease). Both proteases degrade
proteins that are not assembled properly in the inner membrane
(125, 144). Since the mitochondrial matrix is equivalent to the
bacterial cytoplasm, the mitochondrial m-AAA protease is the
functional equivalent of the bacterial FtsH protease. Interestingly,
a 12-Å-resolution structure has been determined for the intact
hetero-oligomeric yeast m-AAA protease that is composed of the
homologous Yta10 and Yta12 subunits and includes the trans-
membrane domain (86) (Fig. 6B). This structure revealed that the
catalytic matrix domain and the transmembrane domain are sep-
arated by 13 Å, which provides enough space for the protease to
bind an unfolded polypeptide in this region (Fig. 6B; a black arrow
indicates where a substrate enters the AAA ring). The authors
hypothesized that upon initial contact with the surface of the AAA
domain, unfolded polypeptides are passed through the AAA
chamber in an ATP-dependent manner and then transferred into
the protease chamber, where they are degraded. Intriguingly, the
distance between the proposed substrate binding site of the m-
AAA protease and the central pore of the AAA domain matches
the length of an unfolded peptide of 20 residues. This explainswhy
substrates of the m-AAA protease and FtsH need to have a pre-
sumably unfolded tail of at least 20 residues in order to initiate the
processive degradation of protein substrates (27, 90).
The role of FtsH and the m-AAA protease in dislocation of
membrane proteins from the bacterial membrane is reminiscent
of the degradation of membrane proteins in the ER, where the
AAA ATPase p97 plays a key role (106). In the case of the eukary-
otic system, however, the extracted proteins are degraded by the
cytosolic proteasome (80, 158).
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The heat shock-inducible protease HtpX is also implicated in the
quality control of membrane protein folding and assembly (130).
HtpX is ametalloprotease, like FtsH, and has two amino-terminal
transmembrane segments, with the protease domain facing the
cytoplasm (136).However, unlike FtsH, theHtpXprotein lacks an
ATPase domain. Interestingly, in an ftsH knockout strain contain-
ing a suppressor mutation in the fabZ gene (110), the heat shock
proteaseHtpX is essential for growth. This suggests thatHtpX and
FtsHhave one ormore overlapping functions (136). Indeed, it was
shown that in the absence of FtsH, HtpX can cleave SecY when
SecY is overexpressed (130). To date, unfortunately, there are no
structures available for HtpX.
The Rhomboid Protease GlpG
As observed for the S2Ps, the “founding members” of the in-
tramembrane proteases (124), the rhomboid proteases cleave
their substrates within a membrane environment by utilizing cat-
alytic residues in an aqueous channel within the membrane plane
(Fig. 7). Rhomboid proteases have been implicated in many mi-
tochondrial functions, growth factor signaling, and the activation
of the twin-arginine translocase (Tat) apparatus in some Gram-
FIG 6 Structures of bacterial FtsH and the homologousm-AAA protease in the inner mitochondrial membrane. (A) Structures of the cytoplasmic domains of
apo-FtsH (left) andADP-FtsH (right). The AAAdomains are shown in cyan, and protease domains are shown in green. To give a clear inside view of the hexamer
chamber, only 3 subunits, forming half of the holoenzyme, are shown. Amino acids 450 to 460 are proposed to form an active site switch (highlighted in yellow).
These residues change from a -sheet conformation in the apoprotein to an -helical conformation in the ADP-bound form, which closes the proteolytic site of
the corresponding subunit. The inward movement of this AAA domain opens the substrate tunnel, and the substrate polypeptide chain (red) is pulled through
the chamber toward the open proteolytic site of the adjacent subunit. Phe234 at the substrate binding pore is shown in gray. The proposed positions of the
N-terminal transmembrane segments of eachmonomer (which weremissing from the construct used to the solve the structure) are shown schematically. Bound
ADP is shown as a ball-and-stick model. The Zn2 ion at the proteolytic site is shown as an enlarged purple sphere. The apo-FtsH structure was obtained from
PDB accession number 3KDS, and that of ADP-FtsH was obtained from PDB accession number 2CEA. JMol was used to generate the 3D structure images. (B)
Proposed mode of action of the mitochondrialm-AAA protease based on the cryo-electron microscopy (cryo-EM) structure. The structure data were obtained
from EMDataBank (accession number 1712), and the Astex Viewer was used to generate the image. From left to right, the model depicts subsequent stages in
substrate degradation. First, an unfolded terminal peptide of the substrate binds the surface of the AAA domain at the initial contact site (purple arrow).
Subsequently, the unfolded peptide is transferred to the secondary binding site (black arrow), where it enters the AAA ring through the center pore. Lastly, the
substrate is degraded in the chamber of the protease domain, and the resulting degradation products are released from the side pores (orange arrow).
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negative bacteria (44). The E. coli rhomboid protease GlpG is en-
coded by the glpEGR operon (194), where glpE encodes a sulfur
transferase and glpR encodes a repressor regulating genes of the glp
regulon under glycerol deprivation conditions. However, the
chromosomal context of glpG is different in various bacteria.
Therefore, the chromosomal context probably does not indicate a
possible physiological function of GlpG or point to potential sub-
strates of GlpG in bacteria. In E. coli, GlpG has been shown to
cleave the LacY and MdfA proteins (10, 39, 99), suggesting that
this rhomboid protease may play a quality control role by degrad-
ing misfolded or improperly assembled membrane proteins. In
the case of the eukaryotic rhomboid proteases, known substrates
include Spitz, Gurken, and Keren, which are membrane-bound
precursor forms of ligands that bind to the epidermal growth fac-
tor receptor after being released due to cleavage (162, 163). The
substrate specificity of the rhomboid proteases is conserved, as E.
coli GlpG can also cleave the heterologous Spitz and Gurken pro-
teins. GlpG has a preference for a small side chain at the P1 posi-
tion for substrate cleavage, while a helix-destabilizing residue is
important in the hydrophobic region downstream of the cleavage
site (4). More recently, a universal consensus sequence was deter-
mined for the rhomboid protease substrates, in which residues at
P1, P4, and P2= are important for substrate binding and cleavage
(139).
Major breakthroughs in understanding how intramembrane-
cleaving proteases work were achieved in 2007 with the elucida-
tion of the structure of GlpG by X-ray crystallography (Fig. 7) (14,
89, 182, 193). This first structure of an intramembrane-cleaving
FIG 7 Secondary structure of presenilin and 3D structure of GlpG. (A) The aspartic acid protease presenilin is synthesized as a membrane protein with nine
transmembrane helices. It is cleaved upon activation, which results in anN-terminal moiety with six transmembrane regions and a C-terminal moiety with three
transmembrane regions. Each of these moieties contains one catalytic aspartic acid residue. GlpG (PDB accession number 2IC8) employs active site Ser and His
residues in intramembrane proteolysis. Transmembrane helices are depicted as blue barrels for presenilin and as a 3D ribbon structure forGlpG. Substrate helices
are depicted as red barrels. The locations of the N and C termini of presenilin, GlpG, and their substrates are indicated. (B) Side views of the rhomboid protease
GlpG (PDB accession number 2NRF) show the lateral gate formed by transmembrane helices TM2 (2) and TM5 (5). 2 and 5 are highlighted in green. The
water channel is marked as a transparent blue cone. JMol was used to generate the 3D structure images.
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protease solved a big problem in cell biology, because up to this
point, it was not clear how these proteases bury their active site
residues within the membrane and cleave their substrates in an
environment that excludes water. Also, the GlpG structure pro-
vided clues to how substrates integrated into the lipid bilayer
could gain access to an intramembrane protease.
The GlpG crystal structure reveals an aqueous channel below
the membrane surface that is continuous with the active site (Fig.
7, bottom panel; the water channel is shown as a blue cone). The
active site contains catalytic Ser-His residues that function as the
nucleophile and general base, respectively (Fig. 7, top panel). Sev-
eral models have been proposed for substrate passage from the
lipid phase into the active site. The first model proposes that there
is a lateral gate comprised of helices 2 and 5 (Fig. 7, bottom panel)
(10, 14, 161, 181). Movement of transmembrane helix 5 away
from the protease corewould allow substrate access to the catalytic
serine residue within transmembrane helix 4 (193). Evidence for
this model comes from studies which showed that mutations
within transmembrane helix 5 cause displacement of this helix
from the core region and activate the protease (10). In addition,
the positions of transmembrane 5 segments within the different
X-ray structures of the protein are quite variable (14, 93). The
second model proposes that access of the substrate to the active
site is controlled by transmembrane helices 1 and 3 and by an L1
loop region (182). Movement of the L1 loop from the periplasmic
region would allow access of a substrate’s transmembrane region
to the active site helices 2 and 5, in which the periplasmic region is
plugged by the L1 loop. A drawback of this model is that the L1
loop seems not optimally positioned for a gating function at heli-
ces 2 and 5. Although a lateral gating model for rhomboid pro-
teases appears attractive, it should be noted that there is currently
no direct biochemical evidence for this mechanism in these en-
zymes.
SHEDDASES
The cleavage of membrane proteins by site 1 proteases is also
known as ectodomain shedding, because this process results in the
release of the membrane protein’s ectodomain into the extracel-
lular milieu. Accordingly, site 1 proteases are also referred to as
sheddases. The bacterial sheddases typically cleave their substrates
on the extracytoplasmic side of the lipid bilayer, at a juxtamem-
brane position. As already mentioned above, site 1 proteolysis
precedes further intramembrane cleavage of transmembrane seg-
ments by site 2 proteases such as S2P. Substrate cleavage by shed-
dases is often regulated such that it occurs only under special con-
ditions, for example, upon heat stress, membrane perturbation by
antimicrobial peptides, or protein secretion stress.
DegS
The currently best-studied bacterial sheddase is DegS of E. coli.
This protease belongs to the HtrA (high temperature requirement
A) class of serine proteases, which have general roles in gene reg-
ulation and protein quality control in extracytoplasmic compart-
ments (28, 81). Unlike its paralogues DegP and DegQ, which are
released into the periplasm of E. coli upon signal peptide cleavage,
DegS remains attached to the inner membrane through an N-ter-
minal membrane anchor (Fig. 8A) (94, 178). DegS has been
shown to catalyze the initial (site 1) cleavage in the anti-sigma
factor RseA that sequesters sigma E (Fig. 8A) (5, 69). Biochemical
and structural analyses have shown that DegS is functional as a
trimer in which each subunit contains a protease domain and a
PDZ domain (Fig. 8A) (47, 189, 196).With its PDZ domain, DegS
can sense the presence of C-terminal peptides from mislocalized
or misfolded outer membrane proteins, resulting in the allosteric
activation of the protease domain and the stabilization of the ac-
tive protease (50, 51). In fact, small hydrophobic tripeptides are
sufficient to activate the DegS protease (52). Recent structural
studies indicate that the binding of a C-terminal peptide from an
outer membrane protein to the PDZ domain relieves inhibitory
contacts between the PDZ and protease domains, thereby activat-
ing the protease domain (138). Interestingly, this allosteric activa-
tion seems to be an intrinsic property of the protease domain, as
protein substrates must bind tightly and specifically to this do-
main to facilitate their own degradation (51, 137).
The structure of DegS has been solved in various states, includ-
ing peptide-free and intermediate states that are inactive (Fig. 8C,
bottom left and central structures) and a peptide-bound state that
is active (Fig. 8C, bottom right structure). In the peptide-free and
intermediate states, theAsn andHis residues (shown in yellow and
green, respectively) interfere with the catalytic Ser-His-Asp resi-
dues (shown in black). Strikingly, the structure of DegS with an
activating peptide bound to the PDZ domain (Fig. 8C, bottom
right structure, with the peptide bound to the PDZdomain shown
in red) results in movement of the Asn94 (shown in yellow in the
inset) and His198 (shown in green in the inset) residues from the
Ser-His-Asp catalytic residues, leading to an active proteolyticma-
chinery. This explains the activation of this protease by binding to
the C-terminal peptide of a misfolded protein.
Homologues of E. coli DegS are present in many bacteria, but
their roles in RIP have not yet been studied in much detail. For
Salmonella enterica serovar Typhimurium, a causative agent of
salmonellosis, DegS was shown to be required for survival in mu-
rine macrophages and a degS mutant was highly attenuated in
mouse infection models (127). In the enteric pathogen Vibrio
cholerae, the causative agent of cholera, DegS is implicated in
sigma E-mediated resistance to membrane-acting, host gut-de-
rived antimicrobial peptides (103). In B. subtilis, the DegS homo-
logue proteases HtrA and HtrB are both membrane bound by an
N-terminal membrane anchor like E. coli DegS (7, 19, 62, 198,
199). Both enzymes have been implicated in the cellular response
to the stresses caused by high-level production of secretory pro-
teins or heat, but whether this involves a sheddase activity of HtrA
orHtrB is not known (30, 62, 187). Interestingly, the cellular levels
of HtrA and HtrB seem to be controlled by RasP, the RseP homo-
logue of B. subtilis, suggesting that they are subject to intramem-
brane cleavage (19, 199). This would explain why fragments of
HtrA andHtrB are detectable in the growthmedium of B. subtilis.
PrsW
In B. subtilis, regulated intramembrane proteolysis of the RsiW
anti-sigma factor is controlled by the sheddase PrsW (38, 53, 55).
The membrane protein RsiW sequesters the sigma factor SigW,
which is needed for the cellular responses to cell envelope damage
caused by antimicrobial peptides and alkaline shock. Upon initial
cleavage of RsiW by PrsW and subsequent cleavage by the site 2
protease RasP, SigW is released into the cytoplasm, resulting in the
activation of about 60 SigW-controlled genes. PrsW is predicted
to have five transmembrane domains (167), and it belongs to a
family of membrane proteases with representatives in Gram-pos-
itive and Gram-negative bacteria as well as in archaea and eu-
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FIG 8 Trimeric structure of the sheddase DegS. (A) Side view of DegS. (B) View from the periplasmic side. The protease domains in the center surround a
funnel-like exposed surface where the proteolytic sites are located (outlined by a black dotted line). The PDZ domains that contain the peptide-binding grooves
(gray shaded areas in panel B) are located on the outside of theDegS trimer. They are connected to the protease domains at theirC termini. A peptide that is bound
to the PDZ domain in one of the subunits is colored red. The structure data were obtained fromPDB accession number 1SOZ, and JMol was used to generate the
images. (C) Monomer structures of DegS in the peptide-free inactive (left), intermediate (middle), and peptide-bound active (right) states. The L1, L2, L3, and
LD loops are highlighted in violet. In the intermediate form, without a substrate, L3 retreats from the substrate docking position (active form) to the inactive
conformation, while L1, L2, and LD, located at the active site center, still adopt the active conformation. The active sites are shown in enlarged insets for all
structures. The catalytic residues Ser201, His96, and Asp126 are shown in black. Residues forming the S1 pocket are shown in orange. These residues are
reorganized upon substrate binding (compare the inactive and active forms). N94 (yellow) and H198 (green), which interfere with the catalytic triad and
destabilize the oxyanion hole, as shown in the inactive form, move away in the active form. The stress signaling peptide binding site in the PDZ domain for DegS
in the proteolytic active state is also shown in an enlarged inset. The peptide is colored red, and residues forming the hydrophobic pocket surrounding the Phe0
position are colored blue. Structure data were obtained fromPDB, using accession numbers 1SOT (inactive state), 1VCW (intermediate state), and 1SOZ (active
state). JMol was used to construct the images.
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karyotes (38). One of the few characterized proteases of this family
is the CaaX protease Rce1p of S. cerevisiae, which removes the
C-terminal AAX residues from a prenylated protein following the
initial prenylation of the cysteine residue in the CAAX motif (18,
33, 115, 133). To date, neither the catalytic mechanism of PrsW
nor that of Rce1p has been investigated, but based on sequence
similarities, it has been proposed that these enzymes may be met-
alloproteases (18, 33, 38, 53, 55, 115, 133).
EUKARYOTIC PROTEASES THAT CATALYZE INTRA- AND
JUXTAMEMBRANE PROTEOLYSIS
For a broader understanding of all mechanisms of proteolysis that
potentially occur within the bacterial cytoplasmicmembrane or at
its surface, it is instructive to compare the mechanisms of sub-
strate cleavage by signal peptidases and signal peptide hydrolases
with those of the eukaryotic presenilin protease and sheddases, all
of which also cleave within the membrane or at the membrane
boundaries. Please refer to references 24 and 45 for detailed recent
reviews and discussions on the eukaryotic S2P and rhomboid pro-
teases.
Presenilin Protease
The presenilins function in Notch signaling and cell adhesion and
have also been implicated in Alzheimer’s disease. These proteases
belong to the same family of aspartic acid proteases as the eukary-
otic SPPs (135, 191). -Secretase and presenilin 1, the catalytic
component of the multisubunit enzyme -secretase, cleave the
-amyloid precursor protein to excise A peptides of various
lengths that can form neuritic plaque. Similar to the SPP pro-
teases, presenilin 1 cleaves within the transmembrane region of
substrates such as the -amyloid precursor protein. Presenilins
are synthesized with nine transmembrane segments (85), but un-
like SPP familymembers, they undergo cleavage during activation
that results in an N-terminal fragment with six transmembrane
segments and a C-terminal fragment with three transmembrane
segments (Fig. 7, top panel). Notably, the transmembrane do-
mains containing the catalytic Asp residues in presenilin have the
opposite orientation to the transmembrane domains containing
the catalytic Asp residues in SPP (Fig. 4) (109, 183). The different
orientations correlate with the opposite orientations of the trans-
membrane substrates of these proteases for cleavage. The SPPpro-
tease cleaves single-pass membrane substrates with a type II ori-
entation (i.e., with the N terminus in the cytoplasm), while
presenilin cleaves substrates with type I membrane topology (i.e.,
with the C terminus in the cytoplasm) (100). Another difference is
that presenilin is not active unless the other subunits, i.e., nicas-
trin, Aph-1, and Pen-2, are present, while SPP appears to be active
by itself (77, 183). The Pen-2 subunit within -secretase is re-
quired to stabilize the presenilin fragment heterodimer for prese-
nilin cleavage (119). Nicastrin is important for both the stability
and trafficking of the other components of the presenilin 1–-
secretase complex (197). In terms of activity, mutations of the
invariant Asp residues within presenilin 1 completely eliminate
-secretase activity in eukaryotic cells, supporting the view that
presenilin 1 is the catalytic component. Althoughmany substrates
have a valine at the P1= position, which can be important for
processing, presenilin is quite tolerant tomutation of cleavage site
residues (11).
Sheddases
Eukaryotic sheddases typically cleave their substrates at the jux-
tamembrane region outside the lipid bilayer. These enzymes func-
tion in the liberation (shedding) of ectodomains frommembrane
proteins. By analogy, signal peptidases of the SPI type could thus
be regarded as a special class of sheddases dedicated to protein
secretion. Substrate cleavage by sheddases is often regulated such
that it occurs only at certain times or at particular locations in the
cell. The eukaryotic sheddases, which are extramembrane pro-
teases tethered to the membrane, use active site residues found in
the “standard” proteases, such as the aspartic acid proteases or
metalloproteases.
BACE.The BACE (-secretase) family of proteases (48) forms a
prominent class of sheddases. BACE proteases are membrane-
anchored aspartic acid proteases that have been implicated in Alz-
heimer’s disease (176). BACE1 cleaves the amyloid protein pre-
cursor 27 residues from the membrane surface (157) and is also
involved in shedding of the type III neuregulin 1 protein that is
important in nerve myelination (60, 190). BACE is composed of
one transmembrane domain and a protease domain facing the
extracellular space (Fig. 9A). The structure of the protease domain
of human BACE has been solved at 2.0-Å resolution (58). While
the exact positioning of the protease domain with respect to the
membrane is not known, it is believed that BACE can cleave sub-
strates directly at the extracellular membrane surface, where the
substrate cleavage site is accessible.
ADAM. Another important class of sheddases is the ADAM (a
disintegrin and metalloprotease) group of proteases (192). These
sheddases are metalloproteases that cleave a number of mem-
brane-anchored substrates for release into the extracellular space
(Fig. 9B). ADAM8 and ADAM10 have been implicated in inflam-
mation, cell adhesion, and neurodegeneration (92). These pro-
teases can cleave CD23, myelin basic protein, and tumor necrosis
factor alpha (107, 186). Similarly, ADAM17 (also known as TACE
or tumor necrosis factor alpha-converting enzyme) is capable of
processing interleukin-1 receptor type II, Kit ligand, L-selectin,
transforming growth factor alpha, tumor necrosis factor alpha,
and tumor necrosis factor receptors 1 and 2 (107). The structure
of the protease domain of ADAM17 has been solved by X-ray
crystallography (102). Exactly how ADAM proteases cleave at the
membrane surface is currently not understood. One possibility is
that these enzymes have a preference for cleavage in their sub-
strates’ unstructured regions proximal to the membrane surface.
CONCLUSIONS
After decades of research on membrane proteases in the bacterial
protein secretion/quality control area, it has become very clear
that no single mechanism is used to cleave substrates at the intra-
and juxtamembrane positions. SPI cleaves a preprotein substrate
during or after membrane translocation, and its catalytic domain
penetrates the lipid phase of the membrane. This allows it to bind
the substrate and then cleave it in a water-exposed environment at
the extracytoplasmic surface of the membrane. Signal peptide
degradation by SPP or RseP is thought to occurwithin the plane of
the membrane. In the cases where the structures of intramem-
brane proteases are known, it is clear that the active sites employ
standard catalytic residues that are embedded within the mem-
brane and contain an aqueous channel where the hydrolytic reac-
tion occurs. In contrast, the membrane protease FtsH extracts its
substrates from the membrane and degrades them in the aqueous
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milieu of the cytoplasm. Similarly, SPPA and DegS degrade their
substrates in the aqueous extracytoplasmic milieu. In all cases,
whether proteolysis occurs outside or within the membrane, the
active sites of the proteases use standard catalytic residues and,
where needed, aqueous channels.
While much progress has been made in understanding bacte-
rial proteases that cleave within the cytoplasmicmembrane and at
the membrane surface, there are still many questions that remain
to be investigated. How substrates precisely access the active sites
of intramembrane proteases is not understood. Also, it is still
somewhat controversial whether there is a lateral gating mecha-
nism that controls access of the substrate to the active site of in-
tramembrane proteases from the lipid bilayer.What are the struc-
tural features of the substrate that allow it to be cleaved by one
specific intramembrane protease but not by another protease?
What are the characteristics ofmembrane substrates that allow for
cleavage only at the proximal surface, such as by signal peptidases
of the SPI and SPII types? To answer such questions, it will be
FIG9 The sheddases BACE andADAM17 cleave substrates at the extracellularmembrane surface. Sheddases belonging to the BACE (A) andADAM(B) families
cleave membrane proteins at aqueous juxtamembrane positions. This results in the release of ectodomains from the substrate proteins into the extracellular
space. The catalytic domains of both BACE (PDB accession number 1W50) and ADAM (PDB accession number 1BKC) are shown with zoomed-in views of the
active site regions. JMol was used to generate the 3D structure images.
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necessary to perform further in-depth biochemical studies and to
solve the structures of membrane proteases with their bound sub-
strates. Lastly, studies in B. subtilis suggest that membrane pro-
teases can set a limit to the overproduction of membrane proteins
needed for structural analyses or biomedical and biotechnological
applications (19, 199). Given the very important functions of
membrane proteases in bacterial growth and cell viability, further
research is needed to determine how the bacterial network of
membrane proteases can best be modified to achieve maximal
production of valuable membrane proteins with minimal detri-
mental side effects on the overproducing host cells.
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